MitoNEET is a mammalian iron-sulfur protein with the ability to transfer iron-sulfur (Fe-S) in vitro. Results: MitoNEET conveys Fe-S from the mitochondrion to the cytosol and reactivates cytosolic iron regulatory protein 1 into an Fe-S aconitase. Conclusion: A novel mitoNEET-dependent Fe-S repair pathway affects a key regulator of iron metabolism. Significance: MitoNEET is the first mitochondrial protein found to be involved in mammalian cytosolic Fe-S repair.
In eukaryotes, mitochondrial iron-sulfur cluster (ISC), export and cytosolic iron-sulfur cluster assembly (CIA) machineries carry out biogenesis of iron-sulfur (Fe-S) clusters, which are critical for multiple essential cellular pathways. However, little is known about their export out of mitochondria. Here we show that Fe-S assembly of mitoNEET, the first identified Fe-S protein anchored in the mitochondrial outer membrane, strictly depends on ISC machineries and not on the CIA or CIAPIN1. We identify a dedicated ISC/export pathway in which augmenter of liver regeneration, a mitochondrial Mia40-dependent protein, is specific to mitoNEET maturation. When inserted, the Fe-S cluster confers mitoNEET folding and stability in vitro and in vivo. The holo-form of mitoNEET is resistant to NO and H 2 O 2 and is capable of repairing oxidatively damaged Fe-S of iron regulatory protein 1 (IRP1), a master regulator of cellular iron that has recently been involved in the mitochondrial iron supply. Therefore, our findings point to IRP1 as the missing link to explain the function of mitoNEET in the control of mitochondrial iron homeostasis.
In mammals, iron-sulfur cluster (Fe-S) proteins assist vital biological processes such as enzymatic catalysis, DNA synthesis and repair, ribosome biogenesis, iron homeostasis, and heme synthesis (1) . Biogenesis of these prosthetic centers is a com-plex process that is first carried out by the mitochondrial ironsulfur cluster (ISC) 2 assembly machinery. Iron is taken into mitochondria by the two iron transporters mitoferrin 1 and 2 (MFRN-1 and MFRN-2) (2) and then assembled with inorganic sulfide produced from L-cysteine by the cysteine desulfurase NFS1-ISD11 complex to form a transient Fe-S on the ISCU scaffold protein. This step is controlled by frataxin, the protein lacking in Friedreich ataxia, the most common recessive ataxia in the Caucasian population (3) . Early Fe-S assembly also requires the ferredoxin/ferredoxin reductase (FDX2/FDXR)reducing system (4) . Neosynthesized Fe-S are then transferred from ISCU to mitochondrial recipients, mainly Fe-S subunits of the respiratory chain complexes, with the help of the HSC20/ HSPA9 chaperone system (5) and glutaredoxin 5 (6) . Maturation of extramitochondrial Fe-S proteins is more elusive. It requires most components of the mitochondrial ISC assembly machinery, the cytosolic Fe-S assembly (CIA) machinery (7) and the still poorly characterized mitochondrial ISC export machinery. The only known components of the latter are the inner mitochondrial membrane transporter ABCb7 (8) and, very likely, both the Erv1p-mammalian orthologue ALR (9) and glutathione (10, 11) . To date, the exact mechanism of transfer of preassembled Fe-S from mitochondria to the cytosol is not understood.
MitoNEET (mNT) is the first identified Fe-S protein of the mammalian outer mitochondrial membrane (OMM). The function of mNT remains unknown, but recent mouse model studies have shown that its overexpression promotes lipid accumulation in adipocytes while preserving insulin sensitivity in obese mice (12) . Moreover, mNT has been acknowledged as a novel potential pharmacological target of pioglitazone, a member of the thiazolidinedione class used in the treatment of type 2 diabetes (13) , although this finding has recently been called into question (14) .
Crystallographic studies revealed that mNT dimerizes and accommodates one [2Fe-2S] cluster per monomer, adding mNT to the growing list of newly identified Fe-S proteins (15) (16) (17) (18) . This 13-kDa protein is anchored to the OMM by its 32amino acid N terminus with the C-terminal Fe-S binding domain oriented toward the cytosol (19) . The crystal structure of mNT further shows an unusual cluster ligand environment because each [2Fe-2S] is coordinated by three cysteines (Cys-72, Cys-74, and Cys-83) and one histidine (His-87) in a CDGSH domain, and its stability decreases at a lower pH (17) . Finally, a recent study showed that human mNT is capable of Fe-S transfer to a bacterial apo-ferredoxin (FDX) in vitro (20) . However, the physiological recipients and the conditions of mNT Fe-S transfer in living cells have not yet been identified.
In this study, we analyzed the maturation pathway of mNT Fe-S and show that its assembly requires a specific HSC20/ ABCb7/ALR branch pathway with no connection to the CIA machinery. We also provide evidence for a role of mNT in the Fe-S repair of cytosolic aconitase/IRP1, a critical regulator of genes important for iron homeostasis and oxygen sensing.
EXPERIMENTAL PROCEDURES
Animals-Mice with a specific deletion of the Fxn gene in the heart (MCK-Fxn) and liver (ALB-Fxn) were generated as described previously (3, 21) . Mice bearing the Abcb7 conditional allele were provided by Mark D. Fleming (Children's Hospital, Boston, MA). Mice with a specific deletion of Abcb7 in the liver (ALB-Abcb7) were obtained as described previously (22) . All methods employed in this work are in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, revised 1996) .
Cell Culture and Treatment-HeLa and liver hepatocellular carcinoma cells (HepG2) were cultured in DMEM (Sigma) containing 4.5 g/liter glucose and 1 mM stable L-glutamine and supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (Lonza) under 5% CO 2 and a humidified atmosphere. HeLa cells were seeded at 3.5 ϫ 10 5 cells/cm 2 , incubated overnight, and transfected with siRNA duplexes with INTERFERin TM (Polyplus Transfection) according to the recommendations of the manufacturer (Ozyme). When specified, cells were retransfected every 3 days. Carbonyl cyanide 3-chlorophenylhydrazone (200 M), ferric ammonium citrate (FAC, 100 M), desferrioxamine (DFO, 50 M) and Z-Leu-Leu-Leu-al (MG132, 25 M) were from Sigma. Lactacystin (10 M) was from Calbiochem. Salicylaldehyde isonicotinoyl hydrazone (SIH, 50 M) was a gift from P. Ponka (McGill University, Montreal, Quebec, Canada). For NO and H 2 O 2 challenge studies, untransfected or siRNA-transfected HeLa cells were cultured for 72 h and exposed or not exposed to diethylenetriamine NONOate (DETA-NO, 250 M) for 16 h or H 2 O 2 (100 and 150 M) for 1 h. The DETA-NO concentration was determined by absorbance at 252 nm (⑀ ϭ 7640 M Ϫ1 cm Ϫ1 ). For recovery after NO or H 2 O 2 exposure, cells were washed extensively and incubated for an additional 1-24 h in fresh cell culture medium. For in vitro NO exposure, holo-mNT was incubated with spermine-NO complex (600 M) for 3 h or H 2 O 2 (100 M) for 3 h in a buffer containing 100 mM NaCl, 50 mM Tris-HCl (pH 7). NO donors were from Cayman Chemical.
Immunoblots and Quantitative Real-time PCR Analysis-Equal amounts of proteins (40 g) were separated on SDS-Tricine-PAGE and transferred to PVDF membranes. The primary antibodies used were anti-ALR (Sigma, catalog no. HPA041227), anti-␤-actin (Sigma, catalog no. A5441), anti-␤tubulin (Cell Signaling Technology, catalog no. 2146), anti-GPAT (IGBMC, Illkirch, France), anti-HSC20 (Sigma, catalog no. HPA018447), anti-IRP1 (Agro-Bio, La Ferté Saint-Aubon, France), anti-IRP2 (a gift from Dr. J. M. Moulis, CEA, Grenoble, France), anti-ISCU (Proteintech, catalog no. 14812-1-AP), antim-aconitase (a gift from Dr. R. B. Franklin, University of Baltimore, Baltimore, MD), anti-mNT (designed by Eurogentec), anti-NARFL (Sigma, catalog no. HPA040851), anti-NDUFS3 (MitoScience, catalog no. MS112), anti-NFS1 (Agro-Bio), anti-NUBP1 (Sigma, catalog no. HPA041656), anti-CIAPIN1 (Sigma, catalog no. HPA042182), anti-RIESKE (MitoScience, catalog no. MS305), anti-MIA40 (a gift from Prof. Pfanner, University of Freiburg, Freiburg, Germany), anti-vinculin (Sigma, catalog no. V9131), and anti-VDAC (a gift from Dr. C. Brenner, INSERM U769, University of Paris Sud, Paris, France). Secondary antibodies used were anti-mouse, anti-rabbit, and antichicken fluorescent IRDye 800CW (Li-Cor). Membranes were scanned with an Odyssey imaging system (Li-Cor), and quantitation was performed using Li-Cor Odyssey software. In some gel images, non-relevant or unnecessary lines were removed and demarcated clearly by using boxes.
Total RNA from cells was extracted using the SV total RNA isolation system according to the protocol of the manufacturer (Promega), and the reverse transcription (1 g of total RNA) was performed using the high-capacity cDNA archive kit (Applied Biosystems). Quantitative real-time PCR was performed using the FastStart DNA Master Plus SYBR Green I kit and the Roche Lightcycler system (Roche Applied Sciences). Primer sequences used were Hu-mNT, 5Ј-CTAGTGCA-CACGCCTTGCAA-3Ј (forward) and 5Ј-CTGCTGCGATCC-ATTCAACTC-3Ј) (reverse); Hu-IscU2, 5Ј-CCCGACTCTAT-CACAAGAAGGTTG-3Ј (forward) and 5Ј-CATGCTGGAGC-CCCCAC-3Ј) (reverse); and Hu-Abcb7, 5Ј-GCTCGAGCCTA-CCAGCAGATT-3Ј (forward) and 5Ј-GGCCTGTCTTTGGG-CCAC-3Ј (reverse). Sequence-specific primers were designed to span intron-exon boundaries to generate amplicons of ϳ100 bp. Values were normalized to 18 S rRNA.
Transfection and Preparation of Cell and Tissue Extracts-
The following siRNA duplexes were from Life Technologies: CISD1 (mNT-0, catalog no. s31650; mNT-1, catalog no. s31651), Iscu-2 (catalog no. s23909), Nfs1 (catalog no. s17265), Mfrn-2 (catalog no. s37872), Hsc20 (catalog no. s45405), Abcb7 (catalog no. 117249), Alr (Alr-3, catalog no. s5703; Alr-4, catalog no. s5704), Nupb1 (catalog no. s9288), Narfl (catalog no. s34746), ciapin1 (catalog no. s32591), and negative control (catalog no. 4390843). They were used at final concentrations ranging from 1-10 nM. The pcDNA3-GPAT-C1F vector containing a noncleavable GPAT precursor was used as described previously (23) . Total protein extracts from human cell lines were obtained by harvesting cells in Laemmli buffer (0.06 M Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, and protease inhibitors (Calbiochem)). Total protein extracts from mouse heart were obtained as described previously (24) , except for the final lysis, which was performed in 2.5ϫ Laemmli buffer.
Mitochondrion-enriched fractions were prepared using a conventional differential centrifugation procedure as described before (25) . The digitonin (0.007%) method for preparing mitochondrial and cytosolic fractions was also used as described previously (26) . Protein concentrations were determined using the BCA method.
Cell Viability-Cell viability was determined microscopically by trypan blue exclusion. Viable cell number was reported as a percentage of negative control (NC) siRNA-transfected cells. Cells were also analyzed for hallmarks of mitochondrial depolarization by using the membrane-permeable JC-1 dye, and flow cytometry was performed on an FC500 Beckman Coulter instrument. Mitochondrial uncoupler carbonyl cyanide 3-chlorophenylhydrazone-treated cells were used as a positive control.
In vitro Fe-S Transfer to Recipient Proteins and Aconitase Activity-Human apo-IRP1 was generated by treatment of 290 M holo-IRP1 with 7 mM DEA-NO in 20 mM Hepes (pH 7.3), 0.2 mM citrate, and 30 mM ammonium acetate for 1 h at 29°C in a glove box and purification on a microbiospin equilibrated with 10 mM Hepes (pH 7.6), 40 mM KCl, and 3 mM MgCl 2 . Apo-IRP1 was preincubated with 5 mM DTT for 30 min at room temperature under anaerobic conditions. Then, purified mNT 44 -108 (100 M of holo-protein or disassembled protein) was incubated in an anaerobic atmosphere at 25°C with apo-IRP1 (25 M) in 100 mM BisTris (pH 6.2), 100 mM NaCl, and 5 mM DTT. At the indicated times, aliquots of the transfer reaction were used to measure aconitase activity. Disassembled mNT was prepared by incubation of the protein in buffer containing 100 mM BisTris pH 6.2 and 100 mM NaCl at 65°C for 10 min. Chemical reconstitution of the aconitase Fe-S cluster was performed in the same buffer as the one used for the transfer reaction with 250 M Na 2 S and Mohr's salt for 1 h at 25°C under anaerobic conditions. The transfer reaction, using Escherichia coli FDX as the recipient protein, was performed similarly at 20°C with equal concentrations of holo-mNT and apo-E. coli FDX. UVvisible absorption spectra were recorded from 350 -550 nm (Varian Cary 100). In parallel, the transfer reaction was followed by differential migration of mNT and FDX holo-and apo-forms on native PAGE and Coomassie staining. Experiments on mNT stability were performed using 100 M oxidized mNT in 100 mM BisTris (pH 6.2) with 100 mM NaCl and 5 mM DTT at 25°C under anaerobic conditions. The absorbance at 460 nm was monitored over time, and the percentage cluster loss was calculated using the absorbances at 460 nm at time 0 and at times 30, 65, and 150 min.
Aconitase activity was measured as described previously (26) . For mitochondrial aconitase activity, the lysis and enzymatic activity measurement steps were performed under an anaerobic atmosphere using buffers flushed with nitrogen gas.
Purification and Preparation of Protein Samples-Recombinant human mNT missing the 43 N-terminal amino acids was expressed from the pET22b and pET28a vectors in BL21(DE3) cells with the addition of 0.4 mM isopropyl 1-thio-␤-D-galactopyranoside. Cells were cultured at 22°C for 20 h in the presence of 400 M FeCl 3 and then harvested for purification steps. The cleared lysate was applied to an nickel-nitrilotriacetic acid column on an Akta FPLC instrument (GE Healthcare). When required, a protease cleavage of the His tag was performed at this semipurification step using thrombin. The mNT fractions were further purified on a HiLoad 16/60 Superdex 75 size exclusion column (GE Healthcare). The mNT fractions from the size exclusion chromatography were pooled and concentrated to 4 mg/ml. Degassed buffers were used during the purification steps. Protein purity was assessed to be Ͼ99% using SDS-PAGE with an optical A 280 nm /A 458 nm ratio near 2.3.
Two recombinant preparations of mNT (44 -108) were finally obtained, one containing eight additional C-terminal residues derived from the His tag (LEHHHHHH) and the other containing three additional N-terminal residues derived from the thrombin cleavage site (GSH).
For NMR analyses, expression of mNT 44 -108 was performed on a 1-L scale in M9 minimal medium (containing 0.001% thiamine-HCl and 10 M FeCl 3 ) supplemented with 1.0 g of 15 NH 4 Cl and 4.0 g of [ 13 C]D-glucose as the sole nitrogen and carbon sources. For Mössbauer analysis, expression of mNT 33-108 missing the 32 N-terminal amino acids (using the pET28a-mNT 33-108 construct) was performed in M9 minimal medium supplemented with 57 Fe-enriched ferric chloride. The N-terminal His tag of purified mNT was removed efficiently using thrombin.
The E. coli apo-ferredoxin (full-length construct in pET21, a gift from Dr. S. Ollagnier de Choudens, Grenoble, France) was expressed and purified as described previously (27) . The untreated and NO-treated IRP1 was a gift from Dr. J.-M. Moulis (CEA Grenoble, France).
Mitochondrial aconitase from a porcine heart was from Sigma. 100 mg was dissolved in 25 mM Hepes (pH 7.8) and loaded on a HiScreen Capto Q ImpRes column (GE Healthcare). Proteins were eluted with a linear NaCl gradient (0 -1 M). Fractions containing aconitase were pooled and concentrated, and then the protein concentration was determined. Aconitase was reactivated by incubation for 1 h at room temperature under anaerobic conditions with 5ϫ Mohr's salt and Na 2 S and then loaded on a NAP-5 gel filtration column equilibrated with 25 mM Hepes (pH 7.8) and 100 mM NaCl.
Mössbauer and NMR Spectroscopy-Mössbauer spectra of purified 57 Fe-labeled mNT 33-108 in 50 mM phosphate (pH 8.0), 50 mM NaCl were recorded at 4.2 K on a low-field Mössbauer spectrometer equipped with a Janis SVT-400 cryostat and weak field permanent magnets. The spectrometer was operated in a constant acceleration mode in transmission geometry (28) . The isomer shifts were referenced against that of room temperature metallic iron foil. Data were analyzed with the WMOSS program (WEB Research, Edina, MN).
NMR experiments were carried out using a Bruker AVANCE 600-MHz spectrometer equipped with a TCI cryoprobe. Twodimensional 1 H-15 N correlation HSQC spectra were obtained on a 250 M His-tagged 13 C, 15 N-labeled holo-mNT 44 -108 protein sample at 298 K in 50 mM sodium phosphate (pH 8.0), 50 mM NaCl.
In Vitro Fe-S Reconstitution-Iron and sulfur incorporation into apo-mNT (44 -108) was carried out by the addition of 10 mM DTT, 500 M [NH 4 ] 2 Fe[SO4] 2 and 500 M sodium sulfide to 1.13 mg of purified 15 N/ 13 C double-labeled apo-mNT in 2.5 ml of 50 mM sodium phosphate (pH 8.0), 50 mM NaCl. All reactions were carried out in an anaerobic glove box (Jacomex, O 2 Ͻ9 ppm). After 5 h at room temperature, the protein was desalted on a NAP-5 column (Amersham Biosciences) and analyzed by UV-visible and NMR spectroscopy.
Statistical Analysis-All results are presented as mean Ϯ S.D. of at least three independent experiments. Data were analyzed using one-way analysis of variance. Student-Newman-Keuls test was used for all pairwise comparisons of mean responses among the different treatment groups (SigmaStat). Two-tailed Student's t test was performed for all multiple pair comparisons. Differences between groups were considered significant if the p value was less than 0.05.
RESULTS

Cellular Fe-S Cluster Availability Ensures Stability and
Proper Folding of mNT-Biophysical studies support the presence of a [2Fe-2S] prosthetic group in purified recombinant mNT (15) (16) (17) (18) , but evidence in living cells is still lacking. Therefore, we analyzed protein stability in two different human cell types, i.e. HeLa and HepG2 cells, grown under conditions that strongly reduce Fe-S biogenesis. First, cells were exposed to the lipophilic SIH iron chelator. Iron deficiency significantly decreased mNT at the protein level in both total extracts and mitochondria-enriched fractions ( Fig. 1A) . Time course experiments ( Fig. 1B ) demonstrated that the mNT protein level decreased within 16 h and was no longer detectable after 48 h upon iron starvation induced by SIH or by the iron chelator DFO. No difference in mNT mRNA levels upon exposure to elevated FAC levels or depletion of cellular iron (DFO and SIH) was detected (data not shown). Moreover, we observed that the decrease in mNT protein level induced by DFO or SIH was prevented significantly by addition of the proteasome inhibitors MG132 or lactacystin (not shown) in both total extracts ( Fig. 1C ) and mitochondrion-enriched fractions (Fig. 1D) , demonstrating a mechanism involving protein degradation. Then, using siRNA, we depleted the mitochondrial scaffold isoform ISCU, an essential component for Fe-S cluster assembly. mNT was decreased markedly after 2 days of Iscu knockdown and disappeared at 6 days without modulation of its transcript (Figs.  2, A and B) . Again, this decrease was prevented by lactacystin treatment (Fig. 2C ). We also examined the in vivo mNT protein level in conditional mouse models of Friedreich ataxia in which frataxin has been deleted specifically in the heart and liver (3). In both cases, we observed a 55-75% reduction of mNT compared with tissues from control mice of the same age ( Fig. 2D ). Together, these results demonstrate that, under conditions of sustained impairment of ISC biogenesis, endogenous mNT is targeted for proteasomal degradation.
Finally, we investigated the mechanism of disassembly/reassembly of mNT Fe-S in vitro by NMR and UV-visible spectroscopy. The folded 15 N-labeled holo-mNT at pH 8 was characterized by a well dispersed 15 N SOFAST-HMQC spectrum and a [2Fe-2S] 2ϩ cluster absorbance peak at 458 nm (Fig. 3A, left) . Mössbauer spectra of 57 Fe-labeled holo-mNT confirmed the arrangement of a [2Fe-2S] 2ϩ bound to three cysteines and one histidine ( Fig. 3B ). Twenty-four hours after a pH jump from 8 to 6, the protein lost both the cluster and its structured state (Fig.  3A, center) . The mostly unstructured apo-mNT was then subjected to Fe-S cluster reconstitution in the presence of iron, sulfide, and DTT under anaerobic conditions. After 5 h at 4°C, a red color developed, and the spectroscopic properties of the isolated protein were quasi-identical to those of the initial holo-mNT ( Fig. 3A, right) . These data demonstrate that mNT can cycle in vitro between a well folded holo-form and a highly unfolded apo-form just by insertion/disassembly/reinsertion of the Fe-S cluster.
The iron and Sulfur Atoms of mNT Fe-S Originate from Mitochondria-To identify the origin of mNT Fe-S, we took advantage of mNT degradation after a prolonged absence of its cluster ( Fig. 1 ). Knockdown of the cysteine desulfurase NFS1, the mitochondrial sulfur donor, resulted in progressive mNT protein loss from 6 -13 days (Fig. 4A , lanes 5, 6, 9, and 13) . The initial amount of mNT was then recovered when endogenous NFS1 returned to its basal level expression after transient depletion (Fig. 4A, compare lanes 9, 10, and 11) . Iron is imported into the mitochondrial matrix by MFRN-1 and MFRN-2. Because only MFRN-2 shows ubiquitous expression, it was depleted in HeLa cells, which led to decreased levels of mNT protein (Fig. 4B ). Furthermore, addition of FAC to Mfrn-2 silenced cells increased cytosolic iron concentrations, as indicated by the iron-mediated loss of IRP2 protein ( Fig. 4C ) (29) , but did not rescue mNT loss (Fig. 4C, compare lanes 3 and  4) . Therefore, mNT Fe-S originates only from mitochondrially derived Fe and inorganic sulfide.
Maturation of the mNT Fe-S Cluster Is Mediated by a Specific Mitochondrial HSC20/ABCb7/ALR Branch Pathway and Not by the CIA-The mitochondrial heat shock cognate protein HSC20 is thought to act in a later step of the Fe-S pathway by triggering Fe-S release from ISCU (5, 30, 31) . As shown in Fig.  4D , Hsc20 silencing resulted in a conspicuous decrease in mNT protein level. The next step toward mNT maturation implies the transport of Fe-S or other, yet unidentified related compounds from the ISC machinery to the intermembrane space (IMS) across the inner mitochondrial membrane. As shown in Fig. 4E , gene knockdown of the inner mitochondrial membrane Abcb7 exporter (8) resulted in a strong decrease of mNT protein level. These findings were also confirmed in vivo with Abcb7 lv/Y mice (Fig. 4F, left panel) , a conditional mouse model whose expression of Abcb7 is specifically deleted in the liver (22) . The protein level of the CIA scaffold NARFL, whose apoform is known to be highly sensitive to degradation (32) , was also decreased clearly in Abcb7-depleted liver (Fig. 4F , left panel) as well as in Hsc20-depleted cells (Fig. 4F, right panel) . These results show that, up to the selective inner mitochondrial membrane, mNT follows the same pathway for its maturation as other known cytosolic Fe-S proteins.
Given that mNT is located at the OMM, we then asked whether mNT accommodates its Fe-S prior to delivering it to the CIA. As shown in Fig. 5A , depletion of mNT did not affect NARFL expression even after 9 days of silencing, whereas the depletion of ISCU led to NARFL protein loss as expected (32) . Furthermore, depletion of the essential CIA components NUBP1 and NARFL had no effect on mNT stability but led to loss of GPAT, a cytosolic [4Fe-4S] enzyme (Fig. 5B) . These results show that mNT is not a relay between the ABCb7 exporter and the CIA for the maturation of extramitochondrial Fe-S proteins and that mNT does not receive its cluster from the CIA, implying the existence of a CIA-independent pathway downstream of the ABCb7 exporter for its maturation. In the IMS, the sulfhydryl oxidase ALR, a functional human orthologue of the yeast Erv1p, has been proposed to be a relay in general Fe-S assembly of extramitochondrial recipient proteins (9) . Unexpectedly, we observed that levels of NARFL and GPAT remained stable in ALR-deficient cells (Fig. 5C, top panel) , whereas the mNT level was clearly reduced (Fig. 5C, bottom  panel) . ALR is a multifunctional protein also involved in import of cysteine-containing proteins (e.g. Tim and Cox proteins), which, in turn, may affect respiratory chain assembly (33) . Therefore, we asked whether ALR-dependent mNT maturation could result from an impairment of ALR-dependent mNT import to mitochondria. To solve this issue, MG132 was used to allow the accumulation of neosynthesized mNT in ALR-depleted cells, and the subcellular localization of mNT was determined. As shown in Fig. 5D , the newly synthesized mNT, upon ALR deficiency, was found exclusively in the mitochondrial fraction and was totally absent from the cytosol (compare lanes  4 and 8) . We also observed that the mitochondrial membrane potential was unaffected in ALR-depleted cells (data not shown), suggesting that the function of ALR in mitochondrial import, which may affect respiratory chain assembly, is not involved in mNT maturation.
Extramitochondrial Fe-S proteins, whose maturation does not require the CIA, are few in number (34, 35) . Among them, Dre2, the yeast homolog of human CIAPIN1, which may exhibit two subcellular locations (IMS and cytosol) (36, 37) , plays an important role as an early component of the CIA machinery (35, 37) . Therefore, we investigated whether CIAPIN1 contributes to mNT maturation. As shown in Fig. 6 , depletion of human CIAPIN1, which is mainly expressed in the cytosol in mammalian cells (Fig. 6A) , did not change mNT abundance, whereas it led to progressive loss of NARFL and GPAT (Fig. 6B) . These data suggest that CIAPIN1 is not involved in the specific branch maturation pathway of mNT but, rather, acts as an early component of the CIA machinery.
Taken together, these results demonstrate the existence of a bifurcation in the Fe-S biogenesis pathway at the IMS. One branch involving a function of ALR different from that implicated in mitochondrial import is dedicated to the CIA-independent maturation of mNT and another one, independent of ALR and mNT, involves the classic CIA pathway.
mNT Mediates Fe-S Cluster Repair of Human Cytosolic Aconitase/IRP1 after NO and H 2 O 2 Exposure-Despite the fact that mNT is not a relay between ABCb7 and the CIA, we wondered whether it could deliver its Fe-S to cytosolic recipients. As shown in Fig. 7, A and B , mNT knockdown did not affect the maturation of the cytosolic Fe-S GPAT and had a moderate but significant effect on the cytosolic Fe-S aconitase. In addition, mNT knockdown in HeLa cells did not alter the mitochondrial membrane potential (⌬⌿m), which is needed for the export of a poorly defined sulfur-containing compound X (1) to cytosolic proteins (Fig. 7C) . Moreover, mNT depletion did not affect protein levels of several electron transfer chain Fe-S enzymes or the protein level and activity of the tricarboxylic acid cycle aconitase (m-aconitase) (Fig. 7D ). The only strong phenotypic alteration was a severe restriction of cell proliferation (Fig. 7E) , as observed previously upon impairment of essential components of the ISC, export, and/or CIA machineries (39 -41) .
As shown above, the environment of the mNT cluster shares similar structural properties with that of ISCU ( Fig. 3B and Ref. 42) , and both proteins can transfer their cluster to bacterial apo-FDX (20, 43) . However, using mNT with either apo-FDX from Mastigocladus laminosus (20) or E. coli (Fig. 8A) , the Fe-S transfer reaction, which was followed by UV-visible absorption and a native PAGE mobility shift assay, occurs in aerobiosis, in contrast to the strict anoxia required for Fe-S transfer from ISCU to apo-FDX. These findings indicate that mNT, unlike ISCU, might function under oxidative conditions.
In mammals, the bifunctional cytosolic aconitase/IRP1 (c-aconitase) readily commutes from a [4Fe-4S]-containing form with aconitase activity to an apo-form with RNA-binding activity upon exposure to NO (44, 45) or H 2 O 2 (46) . Interestingly, the effect of NO and H 2 O 2 is reversible, and the apo-form of IRP1 can recycle into c-aconitase (47) (48) (49) , implying a still poorly defined cellular Fe-S repair pathway.
The first step was to prepare human purified holo-IRP1 and to trigger Fe-S cluster disassembly by NO (45) prior to using it as a recipient protein in an Fe-S transfer reaction with holo-mNT ( Fig. 8B, left panel) . As shown in Fig. 8B , right panel, holo-mNT was able to reactivate apo-IRP1 into a [4Fe-4S] aconitase in a time-dependent manner. We also observed that IRP1 reactivation by holo-mNT was as effective as chemical Fe-S reconstitution performed under the same conditions. In parallel, spontaneous Fe-S release of mNT was barely detectable under the conditions used for IRP1 reactivation by mNT. Moreover, when holo-mNT was replaced by fully disassembled mNT, the process of reactivation of apo-IRP1 into c-aconitase was barely perceptible. Together, these results strongly suggest that the in vitro reactivation of apo-IRP1 into holo-aconitase by mNT is carried out by direct Fe-S transfer rather than Fe-S disassembly/reassembly. We then performed experiments on living cells and showed that endogenous mNT is stable in NO-and H 2 O 2 -treated cells and that the holo-form of mNT is maintained after exposure to NO and a bolus of H 2 O 2 in vitro using native gel electrophoresis (Fig. 9A ). Specifically, we showed that the cluster signature of mNT is unaffected after NO or H 2 O 2 exposure (Fig. 9B ). This contrasted with that of m-aconitase, a protein highly sensitive to oxidative stress (Fig. 9C ). Furthermore, the cluster stability of H 2 O 2 -or NO-treated mNT was also very similar to that of untreated protein (Fig. 9D) . These findings suggest that the peculiar Fe-S of mNT is resistant to H 2 O 2 and NO and that mNT can serve as an escape protein to repair oxidatively damaged Fe-S proteins. Then, we investigated the role of mNT in the reassembly process of Fe-S into apo-IRP1 in living cells after H 2 O 2 or NO exposure. In control and mNT-depleted cells, exogenous H 2 O 2 inhibited c-aconitase activity as described previously (48, 49) without decreasing the IRP1 protein level. After the oxidative challenge with H 2 O 2 of mNT-expressing cells, we observed a progressive reactivation of c-aconitase activity, whereas the latter was slowed significantly in mNTdepleted cells (Fig. 10A ). In addition, the protein level of IRP2, which is regulated by the cytosolic iron concentration (29) , was similar to that of control cells during H 2 O 2 exposure and removal. We also exposed cells to NO to trigger Fe-S disassembly in c-aconitase/IRP1, as testified by the absence of IRP1 aconitase activity without a decrease in protein level (Fig. 10B, left  graph and blot) . As early as 1 h after NO removal, reactivation of IRP1 aconitase activity in control cells was detectable in HeLa cells, although with some degree of variability between samples.
Nevertheless, each experiment, handled individually, showed diminished reactivation in mNT knockdown cells (data not shown). Furthermore, the ratio of recovery between control (taken as 100%) and mNT-deficient cells indicated a significant loss of reactivation upon mNT deficiency (Fig. 10B, right  graph) .
In parallel, we investigated the fate of GPAT and NARFL, whose apo-forms are prone to degradation. We found a consistent decrease of both protein levels independently of mNT knockdown in NO-treated cells, indicating an NO-mediated FIGURE 4 . Mitochondrial origin of the mNT Fe-S cluster. A, total protein extracts from untransfected and Nfs1 siRNA-or NC siRNA-transfected HeLa cells cultured for the indicated times were analyzed by immunoblotting using anti-mNT, anti-NFS1, and anti-VDAC antibodies. Silencing was either transitory with one single transfection (lanes 2, 6, and 10) or maintained for up to 13 days with two, three, or four rounds of siRNA transfections (lanes 5, 9, and 13) . n.s., nonspecific. B, untransfected, Mfrn-2-silenced, and NC siRNA-transfected cells were cultured for the indicated times, and mNT and VDAC protein levels were analyzed by immunoblotting. C, Mfrn-2-silenced and NC siRNA-transfected cells were cultured for 2 days in the presence of or without FAC, and total protein extracts were analyzed by immunoblotting using anti-mNT, anti-IRP2, and anti-VDAC antibodies. D, HeLa cells were either left untransfected or transfected with Hsc20 or NC siRNAs. At the indicated times after transfection, total cell extracts were prepared and analyzed by immunoblotting using anti-mNT, anti-HSC20, and anti-VDAC antibodies. Fe-S cluster disassembly followed by protein degradation (Fig. 10B, blot) . During the recovery phase after NO removal, GPAT and NARFL levels were kept low in both control and mNT-deficient cells. These findings reveal that, unlike caconitase/IRP1, GPAT, and NARFL, whose peptide stability depends on the presence of the cluster, cannot be repaired by mNT after stressful conditions. Together, these findings reveal a novel pathway involving mNT, independent of the classic CIA-dependent Fe-S cluster biogenesis pathway, and assigned to Fe-S cluster repair of the cytosolic aconitase/IRP1.
DISCUSSION
In this study, we address the process of maturation of mNT Fe-S and its function in the mammalian Fe-S repair pathway. By performing loss-of-function studies using human cells and animal models as well as biochemical and spectroscopic analyses, we disclosed the existence of an unrecognized mNT-dependent A, B, and C) for the indicated times were analyzed by immunoblotting using antibodies against mNT, NUBP1, NARFL, ALR, GPAT, and VDAC. D, HeLa cells were transfected with Alr-3 or NC siRNA for 8 days and then treated or not treated with MG132 for 18 additional hours. Cells were then fractionated into mitochondrial (Mito) and cytosolic (Cyto) fractions that were analyzed by immunoblotting using anti-mNT and anti-ALR antibodies. Fraction purity was assessed using antibodies against VDAC as a mitochondrial marker and vinculin as a cytosolic marker.
Fe-S branch pathway assigned to repair the master iron regulator c-aconitase/IRP1 (Fig. 11 ).
NMR and UV-visible spectroscopic analyses showed that mNT can cycle between an unstructured apo-form and a well folded [2Fe-2S] form, therefore underlining its structural plasticity. It is worth mentioning that the metamorphic scaffold protein IscU from E. coli also alternates between two conformations: a disordered state and a largely structured state that is stabilized by Fe-S cluster binding (50) . Meanwhile, we also observed that mNT requires sustained activities of the mitochondrial ISC and export machineries with regard to the Fe-S supply to escape long lasting unstructured and proteasomal degradation. Along this line, it has been reported recently that the scaffold protein Isu is posttranslationally regulated by the mitochondrial protease Pim1 (51) .
We characterized the pathway leading to Fe-S insertion into mNT on the external side of the OMM and demonstrated that the iron and sulfur moieties required come exclusively from mitochondria; that the main components of both mitochondrial ISC and export machineries (ISCU, FXN, NFS1, HSC20, and ABCb7) are required, whereas the CIA components are not needed; and that ALR, an IMS sulfhydryl oxidase that is dispensable for Fe-S incorporation into CIA proteins and GPAT, is obligatory. We therefore propose that preassembled Fe-S in mitochondria are routed to the OMM through a branch off the classic maturation pathway to deliver Fe-S to mNT and, presumably, to other, yet to be identified recipient apo-proteins anchored to the OMM (Fig. 9 ). In our study, the Fe-S assembly mode of mNT was independent of human CIAPIN1, although both proteins share a similar CIA-independent Fe-S assembly mode (35) . CIAPIN1, which is mainly expressed in the cytosol, seems to act as an early component of the CIA rather than as a protein relay for mNT Fe-S assembly. Accordingly, Dre2, the yeast homolog of CIAPIN1, was has been reported recently to be a cytosolic protein associated with the OMM (52) . Interestingly, in yeast, Tah18, the partner of Dre2, was relocalized from the cytosol to mitochondria after oxidative stress (53) . Therefore, although mNT maturation does not need CIAPIN1 under physiological conditions, this does not exclude that, under con-ditions of oxidative stress, CIAPIN1, with its partner NDOR1, may be recruited to the OMM to play a role in concert with mNT.
The fact that the CIA machinery is dispensable for mNT maturation, whereas mitochondrial ISC and export machineries as well as the iron importer Mfn-2 are required, argues in favor of an export of preformed mitochondrial Fe-S across mitochondrial membranes and the IMS rather than two distinct iron and sulfide export pathways. Interestingly, it has been proposed recently that GSH, a member of the export pathway (10), forms a stable complex with Fe-S clusters, [[Fe 2 S 2 ] 2ϩ (GS Ϫ ) 4 ] 2Ϫ , which may deliver Fe-S to target proteins, in particular ABCb7 (54, 55) . Such a small and stable nonprotein-bound GSH⅐Fe-S complex that can probably exit mitochondria through MTP proteins (56) , therefore, constitutes a plausible candidate for Fe-S delivery to mNT.
In vitro, mNT is capable of transferring its cluster to bacterial [2Fe-2S] FDX (Ref. 20 ) and this study). However, the physiological apo-acceptor of mNT has not yet been identified. The fact that mNT transfers its [2Fe-2S] only in the presence of oxygen suggests that mNT activity is boosted under oxidative conditions. Meanwhile, we noticed that holo-mNT is not degraded by a bolus of H 2 O 2 or NO flux, therefore enabling mNT to trigger the Fe-S transfer reaction after oxidative insults in living cells. Reactive oxygen species (ROS) and reactive nitrogen species are produced in many physiological and pathophysiological settings (57) , including immune response and inflammation, and mammalian cells in the environment of ROS/reactive nitrogen species have to cope with their potential toxicity. We and others showed previously that the iron regulator c-aconitase/IRP1 possesses a [4Fe-4S] cluster that is readily disassembled upon reaction with redox mediators like NO or ROS produced upon immune response or inflammation (44, 58, 59) . Interestingly, apo-IRP1 rapidly recovers initial aconitase activity (holo-IRP1) when NO flux stops (47) and after H 2 O 2 removal (49) . The rather high stability of apo-IRP1 in an oxidative and nitrosative environment is compatible with a status of apo-acceptor of mNT Fe-S. Here we show that mNT helps resupply apo-IRP1 with a [4Fe-4S] cluster after an NO and/or FIGURE 6. CIAPIN1 is dispensable for mNT maturation but essential for the CIA component NARFL and cytosolic Fe-S GPAT. A, total protein extracts (TE) from human HepG2 cells as well as purified cytosol (Cyto) and enriched mitochondrial fractions (Mito) were loaded onto an SDS-PAGE gel and analyzed by immunoblotting using anti-CIAPIN1 antibody. Fraction purity was assessed using antibodies against VDAC and MIA40 (mitochondrial markers) and NUBP1 (cytosolic marker). n.s., nonspecific. B, total protein extracts from ciapin1-silenced and NC siRNA-transfected HeLa cells cultured for the indicated times were analyzed by immunoblotting using anti-mNT, anti-CIAPIN1, anti-NARFL, anti-GPAT, and anti-VDAC antibodies.
H 2 O 2 challenge in living cells. Although alternate scenarios may also be considered, the mechanism of the recycling of apo-IRP1 into holo-aconitase by mNT seems to require direct Fe-S transfer in living cells and is not mediated by the cytosolic iron pool, as indicated by IRP2 stability during both the cellular H 2 O 2 challenge and reactivation phase. Interestingly, the regulation of two other Fe-S proteins, GPAT and NARFL, contrasts with that of c-aconitase/IRP1 because NO-stimulated damage FIGURE 7 . mNT deficiency inhibits cell proliferation and mildly affects cytosolic aconitase activity. HeLa cells were transfected for the indicated times with mNT or NC siRNA or treated overnight under iron-loaded (FAC) or iron-deprived (DFO) conditions. Cells were analyzed directly (C and E), lysed to obtain total cellular extracts (A), or fractionated to isolate the cytosolic (B) and mitochondrial fractions (D). A, total extracts from the same conditions as above or transfected in parallel with a vector expressing the uncleavable gpat mutant (gpat C1F) were subjected to electrophoresis and immunoblotted with antibodies against mNT, GPAT, and ␤-actin. B, activities of cytosolic aconitase (IRP1) (top panel, top graph; represented as means Ϯ S.D.; n ϭ 11; *, p Ͻ 0.05; **, p Ͻ 0.001) and lactate dehydrogenase (LDH) (top panel, top graph, means Ϯ S.D., n ϭ 3) in cytosolic fractions. Bottom panel, the IRP1 protein level was analyzed by immunoblotting with ␤-actin as a loading control. C, flow cytometry analysis was used to measure the mitochondrial membrane potential using JC-1 dye. The mitochondrial uncoupling agent carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 200 M) was used as a positive control. D, the specific activity of mitochondrial aconitase was measured in mitochondria-enriched fractions of mNT and NC siRNA-transfected at the indicated times (means Ϯ S.D., n ϭ 4). Bottom panel, protein levels of mNT, mitochondrial aconitase, NDUFS3 (Fe-S subunit of complex I), RIESKE (Fe-S subunit of complex III) and prohibitin (used as a loading control) were determined by immunoblotting in total extracts. E, cells were stained with trypan blue dye to exclude dead cells, and the uncolored living cells were counted and are represented in the graph as a percentage of NC siRNA-transfected cells Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.001 (n ϭ 3). FIGURE 8. Analysis of the Fe-S transfer reactions from holo-mNT to E. coli apo-FDX and to human apo-IRP1. A, the reaction was performed at 20°C (pH 6.2) using 50 M holo-mNT and 50 M apo-FDX in aerobiosis. Left panel, the initial UV-visible spectrum (solid line) of the reaction mixture, which contained apo-FDX and holo-mNT, showed the band at 458 nm, characteristic of holo-mNT. At the end of the reaction, the spectrum (dotted line) was markedly different, with a decrease of absorbance at 458 nm and the appearance of the band at 415 nm, characteristic of holo-FDX. Right panel, Fe-S cluster transfer followed by native gel shows the increase of holo-FDX and concomitant disappearance of holo-mNT. Note that holo-mNT, which was incubated alone under the same conditions as in the reaction transfer, is remarkably stable at pH 6.2 without protein acceptor (compare lanes 4, 5, 7, and 8 with lanes 9, 10, 11, and 12, respectively) . B, left panel, schematic of the protocol for Fe-S cluster transfer studies. (1), apo-IRP1 is obtained by exposure of purified holo-IRP1 to NO gas in an anaerobic chamber.
(2), 25 M DTT-reduced apo-IRP1 was incubated with 100 M human holo-mNT 44 -108 (100 M holo-mNT) or 100 M disassembled mNT 44 -108 (100 M apo-mNT) or 250 M Na 2 S and Mohr's salt (reconstitution) in 100 mM BisTris (pH 6.2), 100 mM NaCl, and 5 mM DTT at 25°C under anaerobic conditions. Aliquots of the reaction were removed at the indicated times, and aconitase activity was measured. Right panel, top graph, aconitase activity is expressed as a percentage of the activity obtained after chemical reconstitution performed under the same buffer conditions (means Ϯ S.D., n Ͼ 3). Bottom graph, mNT cluster loss was studied under the same conditions and calculated by monitoring the decrease of absorbance at 460 nm over time.
of their clusters renders their apo-form unstable. Therefore, GPAT and NARFL cannot be targets of mNT. Recovery of these two unstable proteins very likely requires de novo synthesis and Fe-S traffic along the classic Fe-S biogenesis pathway.
By in vitro studies, we also showed that [2Fe-2S] mNT was able to reactivate a purified apo-IRP-1 whose [4Fe-4S] cluster was disassembled previously by NO into an active aconitase under anaerobic conditions. This implies an interconversion of two planar [2Fe-2S] to a cubane [4Fe-4S], as described previously in in vitro studies showing activation of bacterial apo-aconitase (AcoA) by the bacterial ISC scaffold proteins IscA/ SufA (60 -62) . Our findings are also consistent with recent data showing that Azotobacter vinelandii Nif IscA, a member of the A-type proteins that are required for repair of [4Fe-4S] proteins (63) (64) (65) , accommodates a [2Fe-2S] cluster upon oxygen exposure or under oxidative stress conditions (66) .
We observed that siRNA depletion of mNT is more effective on repair of IRP1 than on its maturation. This implies that apo-IRP1 left after ROS-or NO-mediated Fe-S extrusion is different from the neosynthesized form. As outlined previously, protein-bound [4Fe-4S] display noticeable modifications in the Fe-S binding site upon oxygen-mediated Fe-S disassembly, notably persulfuration (67) (68) (69) . Therefore, we speculate that cysteine persulfuration on apo-IRP1 following exposure to oxygen or nitrogen species favors mNT Fe-S delivery. We propose that mNT is an adaptive repair enzyme whose activity depends on cellular redox balance. Interestingly, two protein sensors of redox and iron homeostasis, IscR and Grx3-4/Fra2, have been shown recently to have the same unusual Cys 3 -His 1 -ligated [2Fe-2S] cluster of mNT (70, 71) .
IRP1 is a master regulator of cellular iron homeostasis and HIF-2␣-dependent erythropoiesis (72, 73) . Besides, mNT deficiency in both white adipose tissue and liver leads to higher concentrations of mitochondrial iron compared with wild-type mice (12) . Accordingly, limiting Fe-S reassembly in IRP1 by mNT deficiency and thereby maintaining its trans-regulatory FIGURE 10 . mNT is required to restore the cytosolic aconitase activity of IRP1 after H 2 O 2 and NO challenge. A, top panel and bottom left panel, HeLa cells transfected with mNT or NC siRNA for 72 h were exposed to a bolus of H 2 O 2 (150 M) for 1 h. Cells were then washed (time 0) and incubated further in fresh culture medium for the indicated additional hours. Pure cytosolic extracts were obtained at 0 (Phase 1) and at 2, 4, 8, and 24 h (Phase 2, recovery) to analyze c-aconitase activity (means Ϯ S.D.; n ϭ 5; *, p Ͻ 0.05; **, p Ͻ 0.001). Bottom right panel, immunoblotting of mitochondrial and cytosolic protein extracts using antibodies against mNT, IRP1 and IRP2, respectively. Antibodies against VDAC and vinculin were used as loading controls. n.s., nonspecific; Cyto, cytosolic fraction; Mito, mitochondrial fraction. B, top panel, HeLa cells transfected with mNT or NC siRNA for 72 h were exposed to DETA-NO for 16 h. NO was then removed by washing (time 0), and cells were incubated further in fresh culture medium for an additional hour. Pure cytosolic extracts were obtained at 0 h (Phase 1) and 1 h after NO removal (Phase 2, recovery) to analyze the cytosolic aconitase activity. function, may help supply mitochondria with iron and, consequently, regulate the mitochondrial electron transport chain. Along this line of thought, it is known that although both IRP1 and IRP2 provide a proper supply of iron to mitochondria to secure mitochondrial function (74) , only IRP1 ensures adequate iron levels for restoring mitochondrial aconitase activity after stressful treatments (75) . Iron (38) and mNT (12) have also been shown to regulate, in an opposite way, the expression of the insulin-sensitizing hormone adiponectin, which contributes to the suppression of metabolic syndrome in type 2 diabetes. Our study supports the view that the missing element linking mNT, intracellular iron concentrations, and adiponectin is its physiological target IRP1. There is major interest in understanding how mammalian cells convey Fe-S from the mitochondrion to the other cell compartments. This is of particular relevance for cell-like immune cells or hepatocytes that have to cope with high levels of ROS or NO and must adapt promptly to oxidative/nitrosative damage.
